Abstract. Podophyllotoxin acetate (PA) acts as a radiosensitizer against non-small cell lung cancer (NSCLC) in vitro and in vivo. In this study, we examined its potential role as a chemosensitizer in conjunction with the topoisomerase inhibitors etoposide (Eto) and camptothecin (Cpt). The effects of combinations of PA and Eto/Cpt were examined with CompuSyn software in two NSCLC cell lines, A549 and NCI-H1299. Combination index (CI) values indicated synergistic effects of PA and the topoisomerase inhibitors. The intracellular mechanism underlying synergism was further determined using propidium iodide uptake, immunoblotting and electrophoretic mobility shift assay (EMSA). Combination of PA with Eto/Cpt promoted disruption of the dynamics of actin filaments, leading to subsequent enhancement of apoptotic cell death via induction of caspase-3, -8, and -9, accompanied by increased phosphorylation of p38. Conversely, suppression of p38 phosphorylation blocked the apoptotic effect of the drug combinations. Notably, CREB-1, a transcription factor, was constitutively activated in both cell types, and synergistically inhibited upon combination treatment. Our results collectively indicate that PA functions as a chemosensitizer by enhancing apoptosis through activation of the p38/caspase axis and suppression of CREB-1.
Introduction
Cancer is a major cause of human death in modern industrialized countries. Non-small cell lung cancer (NSCLC), in particular, is associated with air pollution and smoking, and presents a low 5-year survival rate due to difficulties of diagnosis and limited therapeutic options (1) . NSCLC therapy typically involves surgery, radiotherapy, and/or drug treatment. However, drugs and radiation therapy frequently result in therapeutic resistance, the primary obstacle to effective treatment for most cancers (2) . Development of combinations of therapeutic drugs forms an essential element of strategies to improve patient survival. The rationale for combined drug therapy is based on the concept that combinations of therapeutic modalities with different mechanisms of action are more effective at eradicating cancer than a single agent, while minimizing toxicity and requiring lower drug doses (3) .
PA is a derivative of podophyllotoxin, previously isolated from the natural product library as an anticancer drug candidate and radiosensitizer (4) . Podophyllotoxin, one of the lignans isolated from podophyllin, is a type of resin from Podophyllum. These lignans are secondary metabolites consisting of two phenylpropane units produced via the shikimic acid pathway. Podophyllotoxin exhibits the aryltetralin structure of cyclolignans, a carbocycle between the two phenylpropane units comprising two single carbon-carbon bonds through the side-chains, one of which is located between the β-β' positions. The lignan is historically reported to exert antiviral and immunosuppressive effects as well as activity against venereal warts (5) . Additionally, podophyllotoxin mediates antitumor activity via reversible binding of tubulin and disruption of tubulin polymerization. This destroys the dynamic equilibrium of microtubules and triggers disruption of mitotic-spindle microtubule formation, inducing cell cycle arrest. Several investigators have synthesized various derivatives, with the aim of improving the antitumor effects of podophyllotoxin. Studies to date led to the development of three representative semi-synthetic epipodophyllotoxin derivatives, etoposide (Eto), teniposide and etopophos (6) . Interestingly, the main anticancer target of Eto among these drugs is not tubulin polymerization but topoisomerase (TOP) II in the DNA TOP family, since etoposide does not prevent microtubule formation due to the presence of a bulky (5, 6) . Camptothecin (Cpt), an inhibitor of TOP I initially isolated from the bark of Camptotheca acuminate in 1966 is a cytotoxic quinoline alkaloid (7, 8) that possesses a planar pentacyclic ring structure. The A-D rings are required for maintaining activity and the 'E-ring lactone interacts with the binding site in TOP I. Therefore, hydrolysis or removal of lactone disrupts Cpt activity (9) . Induction of single-and double-stranded DNA breaks by TOP inhibitors leads to effective cell death or apoptosis in rapidly growing cell populations, such as cancer cells. Accordingly, TOP inhibitors and derivatives have been widely employed to treat a range of cancers, either as sole agents or combinations (10) . In this study, we examined whether PA promotes cell death in combination with TOP inhibitors and assessed its potential as a chemosensitizer to enhance cancer treatment efficiency. Our results collectively demonstrated a synergistic effect between PA and TOP inhibitors leading to enhanced apoptosis in NSCLC cell lines, which was attributable to activation of p38 and caspases, and inactivation of CREB-1.
Materials and methods

Cell culture and chemical reagents. NCI-H1299 and A549
human NSCLC cell lines were purchased from American Type Culture Collection (Rockville, MD, USA). SB203580, U0126, JNK inhibitor II, Eto, Cpt, z-VAD-fmk and CBP-CREB interaction inhibitor (CREB inhibitor) were obtained from EMD Millipore Corp. (Billerica, MA, USA). PA was acquired from MicroSource Discovery Systems, Inc. (Gaylordsville, CT, USA).
MTT assay. NCI-H1299 and A549 cells (4x10 3 cells/well in 96-well plates) were seeded and treated with different concentrations of PA and Eto/Cpt. After 72 h, 50 µl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (2 mg/ml) was added to each well, and plates incubated at 37˚C for 2 h. Formazan crystals formed by living cells were dissolved in 200 µl/well dimethyl sulfoxide (DMSO), and the absorbance of individual wells read at 545 nm using a Multiskan Ex ELISA reader (Thermo Fisher Scientific, Waltham, MA, USA). The 50% inhibitory concentration (IC 50 ) of PA on HCI-H1299 and A549 cells was calculated from a concentration-response analysis performed using Softmax Pro software (Molecular Devices, Sunnyvale, CA, USA).
Drug combination analysis.
CompuSyn software (Ver. 1.0) and its manual were downloaded from http://www.combosyn. com to calculate the synergistic effects of combinations of PA and Eto/Cpt. Cell survival percentage data were acquired from the MTT assay and inserted into CompuSyn software. The effects of the PA and Eto/Cpt combinations were analyzed, and the combination index (CI) for each treatment calculated as described in the product manual.
Microtubule assembly assay. The microtubule assembly assay was performed as described previously by our group (11) . Briefly, NCI-H1299 and A549 cells were seeded (1x10 6 cells per 100-mm culture dish) and treated with 7.5 or 15 nM PA and 0.5 µM Eto/10 nM Cpt, respectively, for 24 h. Cells were lysed and samples collected via centrifugation. The supernatant fractions contained soluble αβ tubulin dimers while the pellets contained polymerized microtubules. Each fraction was subjected to immunoblot analysis.
Immunocytochemical staining. NCI-H1299 and A549 cells (1x10 4 ) were seeded in chamber slides and treated with 7.5 or 15 nM PA and 0.5 µM Eto/10 nM Cpt, respectively, for 24 h. Treated cells were fixed with 1% paraformaldehyde and subsequently stained with an anti-α-tubulin antibody and DAPI. Images of stained cells were acquired with a 710 confocal microscope (Carl zeiss, Germany).
Propidium iodide uptake assay. Cells were seeded at a density of 1x10 5 cells and incubated with or without 7.5 or 15 nM PA and 0.5 µM Eto/10 nM Cpt. After 72 h, cells were harvested via trypsinization, washed twice with cold PBS, and resuspended in 300 µl of 5 µg/ml propidium iodide (PI, Sigma-Aldrich, St. Louis, MO, USA). The apoptotic fraction was evaluated using a FACSort flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).
Immunoblot analysis. Immunoblots were performed as described previously (12) . Membranes were probed with antibodies against caspase-3, -8, and -9, phospho-p38, and p38 (Cell Signaling Technology, Inc., Beverly, MA, USA). An anti-β-actin antibody (Sigma-Aldrich) was used a control for equal loading. Relative band densities of targets, determined densitometrically and normalized to that of β-actin or p38, were analyzed using ImageJ software (NIH, USA).
ELISA detection assay of p38 enzyme activity. To detect the phosphorylation level of p38, the p38 MAPK alpha (pT180/pY182) + total p38 MAPK alpha ELISA kit was purchased from Abcam ® (Cambridge, UK). NCI-H1299 and A549 cells were seeded onto a 100-mm plate (1x10 6 ) and treated with control, Eto, Cpt, PA only or combinations of PA/Eto or PA/Cpt for 24 h. After discarding media, cells were rinsed with PBS and dissolved with 1x cell lysate buffer containing protease and phosphatase inhibitors provided in the kit. ELISA was performed as described by the manufacturer. Supernatant fractions of each sample were collected via centrifugation, followed by sequential incubation with the relevant primary/secondary antibodies. Samples were treated with TMB One-Step substrate reagent for 30 min and Stop solution for detection of OD values at 450 nm in a Multiskan EX ELISA reader (Thermo Fisher Scientific). Each OD value was calculated as a phosphor-p38/p38 activity ratio and graphically illustrated.
Electrophoretic mobility shift (EMSA) assay. NCI-H1299 and A549 cells were harvested and nuclei isolated as described previously (13) . The EMSA system was purchased from Promega (Madison, WI, USA), and all procedures performed as described by the manufacturer.
Statistical analysis. Data were analyzed using GraphPad Prism software (GraphPad Software, La Jolla, CA, USA), and the significance of differences between experimental groups determined using the Student's t-test. Data were considered significant at p-values <0.05. Individual p-values in figures are denoted by asterisks ( * p<0.05, ** p<0.01, *** p<0.001). The numbers above each point or bar in the graphs represent the means of three independent experiments, and error bars indicate standard deviations (SD).
Results
The combination of PA and TOP inhibitors has a synergistic effect. PA was initially screened from a natural product library as an anticancer drug candidate (Fig. 1A) . The IC 50 values of PA in NCI-H1299 and A549 cells were determined as 7.6 and 16.1 nM after 72 h of treatment, respectively. Effects of combined treatment with PA and TOP inhibitors (Eto and Cpt) on NSCLC cells were assessed with CompuSyn software (Fig. 1B) . All combinations of PA+Cpt, except 30 nM PA + 40 nM Cpt in NCI-H1299 cells and 60 nM PA + 40 nM Cpt in A549 cells, exerted synergistic effects (Fig. 1C) . Our results clearly indicate that PA and TOP inhibitors exert synergistic effects in vitro. Accordingly, the intracellular machineries involved in synergism were subsequently examined.
PA and TOP inhibitor combinations enhance microtubule polymerization and apoptotic cell death. In view of the ability of PA to disrupt tubulin polymerization (11), we examined whether the combination of PA and TOP inhibitors exerts similar effects. Microtubule assembly assays and immunocytochemical staining using an anti-α-tubulin antibody revealed that combination treatment led to decreased microtubule polymerization and disruption of microtubule organization in NCI-H1299 and A549 cells in a synergistic manner (Fig. 2) . Immunocytochemical staining disclosed rounded morphology of NCI-H1299 cells and fragmented nuclei of A549 cells (Fig. 2A, upper panel) . Based on results showing that the drug combinations enhance the microtubule damage effects of PA, studies on other cell death machinery were performed. In subsequent experiments, apoptotic cell death induction by the combinations was assessed with PI uptake (11) . In NCI-H1299 cells, a combination of PA and Eto (7.5 nM PA + 0.5 µM Eto) enhanced apoptosis by ~25 and 21%, compared with PA (7.5 nM) only and Eto (0.5 µM) only treatment, while a combination of PA and Cpt (7.5 nM PA + 10 nM Cpt) increased cell death by ~21 and 30%, respectively (Fig. 4A) . In A549 cells, PA and Eto (15 nM PA + 0.5 µM Eto) synergistically enhanced apoptosis by ~14 and 21%, compared with PA (15 nM) only and Eto (0.5 µM) only, while PA and Cpt (15 nM PA + 10 nM Cpt) increased cell death by ~15 and 24%, respectively, relative to treatment with the individual drugs (Fig. 4B) . Treatment with the pan-caspase inhibitor, z-VAD-fmk, blocked the enhancement of cell death induced by the drug combinations in both cell lines (Fig. 4A and C) . We confirmed that the combination treatments promote activation of apoptosis via immunoblot assays for caspase-3, -8, or -9 ( Fig. 4B and D) . These results imply that PA acts as a chemosensitizer that enhances the cytotoxicity of TOP inhibitors by promoting apoptosis.
Modulation of MAPKs is involved in the chemosensitizing effect of PA.
To elucidate the mechanisms underlying chemosensitization by PA, we initially examined the activities of the mitogen-activated protein kinase (MAPK) family, including p38, ERK and c-Jun N-terminal kinase (JNK), following treatment with the drug combinations. Pre-treatment of combined treatment cells with chemical inhibitors (SB203580, U0126, JNK inhibitor II) of each kinase revealed that only p38 inhibition by SB203580 blocked cell death, indicating that p38 kinase is specifically involved in the chemosensitization effect of PA. In contrast, pre-treatment with U0126 and JNK inhibitor II enhanced cell death induced by the combination (Fig. 5A and D) . Increased activity and phosphorylation of p38 were also detected with activity (upper panel) and immunoblot assays (lower panel) in the combination treatment groups ( Fig. 5B and E) . Moreover, inhibition of p38 blocked caspase activation by the drug combinations in both NCI-H1299 and A549 cells, as shown in Fig. 5C and F. Our findings suggest that the chemosensitization effect of PA on TOP inhibitors is derived from enhancement of apoptosis via p38 activation.
Modulation of CREB-1 is involved in the chemosensitizing effect of PA.
To further elucidate the mechanism underlying the chemosensitization activity of PA, we examined several transcriptional factors, in view of the finding that transcriptional factors, such as NF-κB, are activated downstream of various stress signals (14) . CREB-1 was constitutively activated in both NCI-H1299 and A549 cells, which was attenuated upon treatment with PA, Eto, or Cpt only. Interestingly, combinations of PA/TOP inhibitors exerted synergistic suppressive effects on activation of CREB-1 (Fig. 6A and D) . Treatment with CREB inhibitors enhanced cell death ( Fig. 6B and E) and apoptotic pathway activation in cells treated with the PA/TOP inhibitor combinations (Fig. 6C and F) . Based on these findings, we suggest that activation of CREB-1 is an essential step for NSCLC cell survival and PA exerts its chemosensitizing effect through inhibition of CREB-1. 
Discussion
Improving chemotherapy and minimizing side-effects may entail modulation of different facets of cancer-specific processes involving chemoresistance. The mechanisms of chemoresistance in cancer are classified into intrinsic (cells are resistant before treatment) or acquired (resistance develops during treatment). Significant mechanisms of chemoresistance include overexpression of drug efflux pumps, increased activity of DNA repair mechanisms, altered drug target enzymes, and overexpression of enzymes involved in drug detoxification and elimination (15) . Since almost all anticancer reagents induce elimination of cancer cells via apoptosis, the chemoresistance mechanism is focused on modulation of the apoptosis signal and molecules, for example, mutation or deletion of tumor suppressor genes, such as p53, and overexpression of Bcl-2 or IAP family proteins Figure 5 . Continued. (C and F) Immunoblot analyses for detection of caspase-3, -8, and -9 activation in NCI-H1299 (C) and A549 (F) cells pre-treated with SB203580 followed by a combination of PA/TOP inhibitors for 72 h. Cas indicates caspase, P is pro-form caspase, and C is cleaved form caspase. (16, 17) . Therefore, development of new anticancer drugs or therapeutic strategies that induce activation of apoptosis may present a key approach to overcoming chemoresistance (18) .
Data from this study demonstrated chemosensitization activity of PA in combination with TOP inhibitors against NSCLC cell lines, leading to enhanced apoptotic cell death and attenuation of transcription factors involved in cell survival. Topoisomerase I inhibitors, such as topotecan and irinotecan, are usually components of combination chemotherapy against NSCLC (19) (20) (21) . Eto and Cpt have been identified as powerful and dynamic cytostatic anticancer reagents under both experimental and clinical conditions. These chemicals target a group of microtubules, coincident with our present results (Fig. 3) , and act as apoptosis inducers operating via distinct mechanisms. Therefore, treatment with combinations of these agents should theoretically enhance the final therapeutic outcomes (19) . The activities of Eto and Cpt as apoptosis inducers were confirmed in our experiments (Fig. 4) , whereby two (intrinsic and extrinsic) major apoptotic pathways were activated. The intrinsic pathway is induced by external stress and leads to changes in mitochondrial permeability and activation of caspase-9. The extrinsic pathway mainly begins with death receptor/ligand binding and proceeds through caspase-8 activation. Caspases-8 and -9 in extrinsic and intrinsic pathways are starting 'initiator' caspases, and both pathways activate caspase-3, a common 'executioner' caspase (22) . Inhibition of caspase activation prevented apoptosis in both cell types and blocked synergistic cell death (Fig. 4A and C) . We further showed that increased cell death induced by the combination of PA and TOP inhibitors is accompanied by enhanced phosphorylation of p38, which has been shown to evoke cell death secondary to DNA damage and membrane oxidative damage (23, 24) . Previous reports have shown that disruption of tubulin dynamics leads to activation of p38, inducing apoptosis (11) . Coincident with these findings, combination treatment with PA and TOP inhibitors promoted phosphorylation and consequent activation of p38 resulting in increased apoptosis (Fig. 5) . Suppression of p38 with the specific inhibitor, SB203580, attenuated caspase activation and apoptosis increase induced by the combination of PA and TOP inhibitors. In contrast, prevention of ERK and JNK activity with U0126 and JNK inhibitor II, respectively, did not block enhancement of apoptosis in either NCI-H1299 or A549 cell line. Based on these findings, we propose that p38 lies downstream of tubulin damage and is responsible for caspase activation and induction of apoptosis. Additionally, the radiosensitizer effect of PA was shown to be related to increased reactive oxygen species (ROS) in our previous study (11) , but the chemosensitizer effect of PA with TOP inhibitors was not established (data not shown). Other studies have also shown that p38 is a stress response molecule involved in apoptotic cell death induced by numerous chemotherapeutic agents and natural products, including cyclophosphamide (CTx) commonly used for breast cancer, anthocyanins for human colon cancer cells and oxaliplatin for human colorectal cancer cells (25) (26) (27) . The increased chemosensitivity to CDDP induced by Met inactivation is attributable to p38 MAPK activation (28) . Interestingly, the combination of PA and TOP inhibitors reduced phosphorylation of CREB-1, a 43-kDa basic/leucine zipper (bzIP) transcription factor. CREB-1 is found in most tissues and shown to be overexpressed in several cancer tissues, including leukemic blast cells of acute myeloid leukemia patients and lung cancer, compared to normal tissues (29) (30) (31) (32) . CREB can form both homo and heterodimeric complexes. CREB binds to the octanucleotide cAMP response element (CRE), TGANNTCA, as a homodimer and to other members of the CREB/ATF transcriptional factor superfamily as a heterodimer (33, 34) . CREB becomes transcriptionally activated after phosphorylation at serine 133, which induces activity by promoting interactions with the 256-kDa coactivator CREB-binding protein (CBP) (35) . Following its activation, the transcription factor is reported to perform various physiological functions, including integration of various stimuli, such as IR, in a p53-dependent manner (34) (35) (36) , and promote pro-survival signaling important in cancer development and progression (37, 38) . We detected phosphorylated and activated CREB-1 in both NCI-H1299 and A549 cells (Fig. 6 ). Sole treatment with PA or TOP inhibitor attenuated endogenous activation of CREB-1. Combined treatments with PA/TOP inhibitors further enhanced suppression of CREB-1 phosphorylation and activation. Our results imply that CREB-1 facilitates cell survival in both cell types, and thus potentially presents a major target of the PA/TOP inhibitor combination.
We did not determine whether PA protects normal tissue from chemotherapy-induced side-effects or whether modulation of p38 and CREB-1 mediates whole-cell death in response to PA and TOP inhibitor combinations in this study. Nonetheless, our current results suggest a novel role for PA as a chemosensitizer that enhances apoptotic death of NCI-H1299 and A549 NSCLC cells through promotion of tubulin degradation, activation of the p38/caspase pathway and suppression of CREB-1 activation (Fig. 7) . Our findings provide new insights supporting the utility of podophyllotoxin derivatives as chemosensitizers and induction of apoptosis via p38/CREB-1/caspase activation and suppression of CREB-1 as a useful strategy for the development of new therapeutic agents.
